In the present study, we use a method that uses the oxidation state of platinum in Co-Cr-Pt oxide films to cause a volume expansion to form isolated nanoparticles through exposure to H 2 microwave plasma. The generated nanoparticles are then used to grow single-walled carbon nanotubes (SWCNTs) at 600 C without the application of a buffer layer using a microwave plasma chemical vapor deposition system. The effects of metal oxide film thickness on the growth of SWCNTs are investigated. The characterization techniques including X-ray photoelectron spectroscopy, scanning electron microscopy, and transmission electron microscopy are carried out, with the results showing that this method used is highly efficient in generating very small and dense catalytic nanoparticles. The results also show that, when the metal oxide film thickness is no more than 2 nm, the nanoparticles produced with diameters ranging from 2 to 3 nm can be effective for growing vertically and densely aligned SWCNTs. #
Introduction
Recently, single-walled carbon nanotubes (SWCNTs) have been recognized as highly promising materials for a wide range of applications. [1] [2] [3] [4] [5] [6] For many practical uses, vertically aligned SWCNTs are often required to be selectively grown on patterned blocks of metallic catalyst films deposited on a substrate. 7) To date, many studies have demonstrated the effective synthesis of SWCNTs. [8] [9] [10] [11] However, except for the positive results in production scale, most processes still cannot precisely control the growth structure of SWCNTs because the growth mechanism of SWCNTs is still not well understood.
At present, catalytically supported chemical vapor deposition (CVD) is one of the most commonly used methods and is considered the best solution for nanoscale device fabrication because it not only allows a scalable process but also enables selective growth on patterned catalyst films. 12) The formation of SWCNTs using CVD involves the formation of small catalyst nanoparticles, the decomposition of hydrocarbon gases such as CH 4 and C 2 H 2 , and the growth of SWCNTs on the metal catalysts based on a number of diffusion models which have been proposed to explain the growth mechanism. 13, 14) In one proposed model, carbon species are decomposed on the surface of metallic particles, diffuse into the particles, and are then precipitated onto the particle surface. 13) Therefore, the size of the particles is very important for the fabrication of SWCNTs. 13) Normally, catalyst particles are reduced by CVD using hydrogen plasma to form well-distributed and active metallic nanoparticles. However, this high-temperature process can induce the formation of metal silicide and the agglomeration of nanoparticles, which are unfavorable for the fabrication of SWCNTs. 14) Depositing a buffer layer between the catalyst layer and the substrate is a common way of avoiding these coarsening and impurity issues. [14] [15] [16] However, the intermediate layer itself can cause other problems, such as conductivity and adhesion issues. In addition, this layer is regarded as an impurity for many device applications. Therefore, it would be preferable to reduce the process temperature and avoid the use of a buffer layer.
It has been predicted by a previous study that very small catalytic nanoparticles less than 2 nm in diameter are required for the nucleation of SWCNTs. 17) Catalyst film thickness is very important in deciding the catalyst size when the film is converted to isolated nanoparticles by plasma treatment. As a result, regulating the catalyst film thickness should yield different carbon nanostructures. Hofmann et al. suggest that a reduction in Fe/Co catalyst film thickness causes a carbon nanostructure transition from larger-diameter bamboo like carbon nanofibers to smallerdiameter multi walled nanotubes with two to five walls. 18) Other studies have produced SWCNTs with entangled structures when using Co as a catalyst and with a variation in the film thickness of approximately 0.1 nm. 19) The results of previous studies through the direct observation of the growth of SWCNTs on catalysts suggest that the formation of SWCNTs should be at a temperature of about 615 C or even higher. 20, 21) However, a very high process temperature may destroy the material and induce the formation of metal silicide, as previously mentioned. Thus, the addition of an inter layer is required. Meanwhile, the results of many studies have also shown that the fabricated SWCNTs have randomly entangled structures. 16, [22] [23] [24] The oxidation state of platinum has been shown to be very unstable to cause a volume expansion to form very small isolated nanoparticles when treated by high-intensity laser heating. [25] [26] [27] On the basis of this idea, here we aim to deposit a Co-Cr-Pt oxide film using a physical vapor deposition (PVD) system; the oxide film is then expected to be reduced to very small well-dispersed metallic nanoparticles through exposure to high-energy hydrogen plasma generated by a microwave plasma chemical vapor deposition (MPCVD) system. Subsequently, the nanoparticles formed are used to grow vertically aligned SWCNTs without the application of a buffer layer at $600 C by MPCVD. In addition to PtO x , the Cr 2 O 3 present in the oxide film is used as an inhibitor to prevent grain growth and thus suppress nanoparticle coarsening. 28) Additionally, metallic cobalt is an appropriate element for dissolving carbon species so as to support the growth of SWCNTs. Because film thickness is very important for determining particle size, in order to determine the optimal layer thickness for synthesizing vertically aligned SWCNTs, Co-Cr-Pt oxide film thickness is varied from 10 to 1 nm.
Experimental Procedure
Co-Cr-Pt oxide films with various thicknesses ranging from 10 to 1 nm were deposited on silicon wafers using a Co-CrPt alloy (57 wt % Co, 11 wt % Cr, and 32 wt % Pt) as a target in an Ar/O 2 (10 sccm/30 sccm) atmosphere in the PVD system. The oxide films were accordingly reduced in H 2 microwave plasma in the MPCVD system for 10 min (100 sccm H 2 , 30 Torr working pressure, $580 C substrate temperature, 2.45 GHz, and 600 W microwave power) to obtain well-distributed catalytic nanoparticles. The H 2 -plasma-treated specimens were then heated to $600 C (750 W microwave power) in a CH 4 /H 2 atmosphere (5 sccm/40 sccm) under a pressure of 24 Torr for 6 min to produce carbon nanostructures.
Several characterization methods were systematically used to evaluate the process results. Scanning electron microscopy (SEM; JEOL JSM-6500F) and transmission electron microscopy (TEM; JEOL JEM-2100) were used to evaluate the morphology and structure, respectively. X-ray photoelectron spectroscopy (XPS; VG Scientific Microlab 350), a surface-sensitive technique, was performed to examine the elemental composition of the metal oxide film before and after H 2 plasma treatment. Raman spectroscopy (JOBIN YVON LabRam HR800, 632.8 nm He-Ne laser) was applied for rapid identification of the resulting carbon nanostructure.
Results and Discussion
In this study, we have confirmed the strong correlation between Co-Cr-Pt oxidation film thickness and the resulting structure. As shown in Fig. 1 , after H 2 plasma treatment, the oxidation films, except for the film with 10 nm thickness [ Fig. 1(a) ], are transformed into very uniform and densely dispersed nanoparticles on the substrates. Meanwhile, the particle size of the resulting nanoparticles decreases as oxide film thickness decreases. The distribution density of the nanoparticles and their particle size and chemical composition are very important in yielding vertically aligned SWCNTs. 13, 29, 30) As revealed in Fig. 2 , the TEM image shows the morphology of the H 2 -plasma-treated oxide film with a thickness of 1 nm, indicating that the generated nanoparticles are well distributed and have diameters ranging from 2 to 3 nm. This is because the oxidation phase of platinum is very unstable and can easily be decomposed to metallic state and oxygen gas by negative hydrogen ions in a high-temperature plasma environment to cause a volume expansion in the oxide film, which results in very small nanoparticles. [25] [26] [27] Furthermore, owing to the presence of Cr 2 O 3 , the resulting nanoparticles can be suppressed from coarsening. The combined effect can thus form very small nanoparticles without the application of a buffer layer. However, as shown in Fig. 1(a) , when film thickness increases, the effect of this method becomes less significant as the cluster effect becomes increasingly dominant, leading to very large particles.
The morphologies of the as-deposited nanostructures supported by the nanoparticles generated by oxide films with thicknesses of 10, 3, 2, and 1 nm are presented in Figs. 3(a) to 3(d), respectively. Figures 3(c) and 3(d) show that the carbon nanostructures are vertically aligned on the substrates with a height of $60 mm. In contrast, Figs. 3(a) and 3(b) show carbon nanostructures with a spaghetti-like morphology, which is typical when the deposited Co-Cr-Pt oxide film has a thickness of more than 2 nm.
In order to completely investigate the nanostructures, the Raman spectra of the deposited nanostructures supported by the nanoparticles generated by the metal oxide layers with various thicknesses are recorded and presented in Figs. 4 and 5. Figure 4 shows three characteristic peaks that are attributed to the D and G bands, and the radial breathing mode (RBM). By contrast, Fig. 5 only shows the spectra at frequencies from 1200 to 1700 cm À1 owing to the lack of an RBM signal. The intensity of the D band, at frequencies from 1300 to 1400 cm À1 , correlates with the structural disorder of the CNTs, which originates from defects, including disordered materials, poor graphitization, functionalized carbon, and the amorphous carbon on the sidewall of nanotubes. [31] [32] [33] The G band at frequencies from 1500 to 1600 cm À1 is activated by the combination of several tangential modes owing to the stretching vibrations of the CNT sidewall carbon-carbon bonds. 5, 34) It is suggested that the I D =I G ratio is closely associated with the density of defects on the walls of the MWCNTs.
35) The RBM, located typically between 100 and 300 cm À1 , corresponds to the coherent vibration of carbon atoms in the radial direction, and can be a fingerprint for determining the presence of SWCNTs. 36) The Raman scattering results show that, when the metal oxide film thickness is no more than 2 nm, SWCNTs could be grown with a low defect density. In addition, as shown in Fig. 4 , it is also observed that the I D =I G ratio decreases from 0.27 to 0.25 as film thickness decreases from 2 to 1 nm. By contrast, MWCNTs are grown when the film thickness is larger than 2 nm. As shown in Fig. 6 , the TEM image reveals that most of the SWCNTs are in the form of tube bundles. The isolated SWCNTs also have diameters of between 3 and 5 nm. However, the observation result cannot be used to precisely predict the actual distribution of nanotube diameters owing to sampling limitations.
In order to evaluate the chemical composition change of the oxide film induced by H 2 plasma treatment, the XPS profiles of each element are recorded and presented in Figs. 7-9 . The Pt 4f XPS profiles are presented in Fig. 7 . The Pt 4f 7=2 profiles are separated into three components with binding energies (BEs) of 72.25, 73.9, and 74.6 eV. The Gauss fraction is constrained to 0.5 for all peaks. Meanwhile, the spin-orbit coupling of 3.3 eV 37, 38) and the Pt 4f 7=2 to Pt 4f 5=2 peak area ratio of $1:33 are consistent with theoretical values and previous reports.
37 ) The peak at 72.25 eV can be assigned to zero-valent platinum after the oxide film is treated with the plasma, although a previous study assigned this peak to be in the range of 71.0 to 71.3 eV. 39) This discrepancy may be due to the very small size of the Pt nanoparticles. 40, 41) Thus, the BE of the nanoparticles is blue-shifted because the number of neighboring atoms and electrons is significantly reduced. This leads to less effective core-hole screening and a greater 
BE.
40) The peaks at 73.9 and 74.6 eV, corresponding to Pt 2þ and Pt 4þ , respectively, have also been previously reported.
39)
The results show that only PtO (Pt 2þ ) and PtO 2 (Pt 4þ ) are present in the metal oxide film. It is shown that PtO 4 is eliminated after 10 min of H 2 plasma treatment. The ratio of [Pt 2þ ]/[total Pt] is found to be 15%, showing that most of the platinum ($85%) has been reduced to the metallic phase.
The Cr 2p XPS profiles are presented in Fig. 8 . It is shown that the Cr 2p 3=2 -Cr 2p 1=2 spin-orbit splitting energy is approximately 9.7 eV. The Cr 2p 3=2 peaks at 577.2 (prior to the plasma treatment) and 576.8 eV (after the plasma treatment) are both assigned to Cr 2 O 3 . [42] [43] [44] The shift of 0.4 eV may have resulted from the formation of some chromium species in the lower oxidation state on the particle surface through the decomposition of the high-oxidationpotential and high-temperature hydrogen anions in H 2 plasma. However, most of the Cr 2 O 3 still plays the role of a grain growth inhibitor. Figure 9 shows the Co 2p XPS profiles. As shown in the figure, in addition to two-spin orbital components with a spin-orbit splitting energy of approximately 15 eV, two satellite peaks can also be observed in the Co 2p core level at 786.6 (Cr 2p 3=2 ) and $802 (Cr 2p 1=2 ) eV. Prior to the plasma treatment, the main structure of the Co 2p 3=2 signal can be fitted into two components of 780.6 and 781.75 eV with relative intensities of 26.5 and 73.5%, respectively. The peak at 780.6 is assigned to CoO. However, it may be attributed to the Co 3 O 4 spinel. 45) The peak at 781.75 eV may be due to cobalt monoxide and a mixture of oxides such as Co 3 O 4 . Therefore, we denote it as CoO x . After the plasma treatment, the main peak of Co 2p 3=2 is fitted to three components of 778.87, 780.6, and 781.75 eV with relative intensities of 61.9, 7.4, and 30.7%, respectively. Here, the peak at 778.87 eV is assigned to the metallic state of cobalt, although previous reports have suggested that the peak value should be between 778.1 and 778.3 eV. 39) We note that, after the treatment, the intensities of CoO and CoO x show a significant decrease, while the intensity of the satellite peak also decreases. The characterization results reveal that, after the plasma treatment, most of the cobalt has been reduced to a metallic state so as to support the growth of SWCNTs.
All curve-fitting results above are listed in Table I . It is shown that, after the metal oxide film is treated with H 2 plasma for 10 min, high concentrations of platinum and cobalt can be effectively reduced to a metallic state, while Cr 2 O 3 still remains in the nanoparticles. As suggested by Takagi et al., it is possible that Pt may not support the growth of SWCNTs in this case. 46) Therefore, the cobalt metal present in the generated nanoparticles may be the dominant element supporting the growth of SWCNTs. 19, 47) Furthermore, when the as-grown SWCNT film on the Si wafer is removed and the substrate is reused to grow carbon nanostructures under the same process conditions, the fabrication results of the SWCNT film are found to be reproducible. This suggests that SWCNTs can be grown by the root-growth model.
Conclusions
The reduction of the Co-Cr-Pt oxide film on a silicon wafer by exposure to H 2 microwave plasma activated by MPCVD for 10 min at a temperature of $580 C was found to be very effective for generating very dense and small catalytic nanoparticles without the application of a buffer layer. The very small nanoparticles are formed through the reduction in the oxidation state of platinum to cause volume expansion in the oxide film in the high-energy H 2 plasma environment and the inhibition of particle grain growth with Cr 2 O 3 . With a high cobalt metal content, the nanoparticles are very effective for growing SWCNTs. The growth results show that, when the Co-Cr-Pt oxide film thickness is no more than 2 nm, very dense and vertically aligned SWCNTs are formed; otherwise spaghetti-like MWCNTs are fabricated. 
